Local recycling of synaptic vesicles (SVs) allows neurons to sustain transmitter release. Extreme activity (e.g., during seizure) may exhaust synaptic transmission and, in vitro, induces bulk endocytosis to recover SV membrane and proteins; how this occurs in animals is unknown. Following optogenetic hyperstimulation of Caenorhabditis elegans motoneurons, we analyzed synaptic recovery by time-resolved behavioral, electrophysiological, and ultrastructural assays. Recovery of docked SVs and of evokedrelease amplitudes (indicating readily-releasable pool refilling) occurred within ∼8-20 s (τ = 9.2 s and τ = 11.9 s), whereas locomotion recovered only after ∼60 s (τ = 20 s). During ∼11-s stimulation, 50-to 200-nm noncoated vesicles ("100nm vesicles") formed, which disappeared ∼8 s poststimulation, likely representing endocytic intermediates from which SVs may regenerate. In endophilin, synaptojanin, and dynamin mutants, affecting endocytosis and vesicle scission, resolving 100nm vesicles was delayed (>20 s). In dynamin mutants, 100nm vesicles were abundant and persistent, sometimes continuous with the plasma membrane; incomplete budding of smaller vesicles from 100nm vesicles further implicates dynamin in regenerating SVs from bulk-endocytosed vesicles. Synaptic recovery after exhaustive activity is slow, and different time scales of recovery at ultrastructural, physiological, and behavioral levels indicate multiple contributing processes. Similar processes may jointly account for slow recovery from acute seizures also in higher animals.
Local recycling of synaptic vesicles (SVs) allows neurons to sustain transmitter release. Extreme activity (e.g., during seizure) may exhaust synaptic transmission and, in vitro, induces bulk endocytosis to recover SV membrane and proteins; how this occurs in animals is unknown. Following optogenetic hyperstimulation of Caenorhabditis elegans motoneurons, we analyzed synaptic recovery by time-resolved behavioral, electrophysiological, and ultrastructural assays. Recovery of docked SVs and of evokedrelease amplitudes (indicating readily-releasable pool refilling) occurred within ∼8-20 s (τ = 9.2 s and τ = 11.9 s), whereas locomotion recovered only after ∼60 s (τ = 20 s). During ∼11-s stimulation, 50-to 200-nm noncoated vesicles ("100nm vesicles") formed, which disappeared ∼8 s poststimulation, likely representing endocytic intermediates from which SVs may regenerate. In endophilin, synaptojanin, and dynamin mutants, affecting endocytosis and vesicle scission, resolving 100nm vesicles was delayed (>20 s). In dynamin mutants, 100nm vesicles were abundant and persistent, sometimes continuous with the plasma membrane; incomplete budding of smaller vesicles from 100nm vesicles further implicates dynamin in regenerating SVs from bulk-endocytosed vesicles. Synaptic recovery after exhaustive activity is slow, and different time scales of recovery at ultrastructural, physiological, and behavioral levels indicate multiple contributing processes. Similar processes may jointly account for slow recovery from acute seizures also in higher animals.
channelrhodopsin | chemical synapse | electron microscopy | synaptic vesicle recycling E fficient chemical synaptic neurotransmission requires synaptic vesicle (SV) biogenesis, transmitter loading, membrane approximation and docking, priming, fusion, and release of transmitter (1) (2) (3) . These processes are followed by retrieval of membrane and proteins from the plasma membrane (PM) via endocytosis (4, 5) . Particularly, sustained SV release relies on a tight coupling of exocytosis and endocytosis (5) (6) (7) (8) . During highfrequency or long-term neuronal activity, SVs need to be efficiently recycled, because, otherwise, the readily releasable pool and the (mobilized) resting pool of SVs would be depleted and transmission would seize (9, 10) . After fusion, SV membranes and proteins are recycled (11) . Coupling SV exocytosis with local recycling largely eliminates the dependence of chemical transmission on somatic de novo SV synthesis and transport. Thus far, these processes have been studied in dissected preparations or cultured cells and tissues; how and at which time scales this occurs within a live, nondissected animal (e.g., during seizures) is currently unclear. For example, patients suffering from a seizure often remain unconscious for minutes to hours (12, 13) . Although fatigue at different levels of circuits and brain systems is likely to contribute, also physiological changes in chemical synapses may play a role in this slow recovery.
Depending on the SV fusion rate, endocytosis occurs via different pathways: (i) clathrin-mediated endocytosis (14) , supposedly accounting for most recycled SVs; (ii) fast "kiss-and-run" recycling, where SVs do not fully fuse but open a transient pore for transmitter release (15, 16) ; and (iii) clathrin-independent bulk-phase endocytosis, going along with high neuronal activity (17) (18) (19) (20) . Following membrane invagination, or to close the fusion pore, the GTPase dynamin finalizes, or at least speeds up, the process of membrane severing (21) (22) (23) (24) (25) . Before scission by dynamin, the phospholipid phosphatase synaptojanin, via the membrane-binding Bin-amphiphysin-Rvs (BAR) domain protein endophilin, binds to the phospholipid enriched PM at endocytic sites and modifies lipids to promote scission (6, (26) (27) (28) . Synaptojanin is also required after scission, particularly to uncoat endocytosed vesicles: by dephosphorylating the lipid head groups, synaptojanin releases the interaction of clathrin adaptors with the endocytosed membranes (27, 29) . By recruiting clathrin adaptors, synaptotagmin/SNT-1 is also involved in SV recycling (30, 31) .
Across systems, different modes of endocytosis appear to be in effect: for example, in dynamin knockout mice, spontaneous activity induced endocytosed synaptic membrane, which appeared trapped as invaginations, tubulated and capped by clathrin-coated pits (21) . Upon excessive stimulation, in inhibitory neurons, bulkendocytosed, endosome-like structures resulted, which were Significance Chemical synapses are key contact points in the nervous system, where signals are transmitted between neurons. These signals, small chemical molecules, are released from membranous synaptic vesicles by fusion with the neuronal membrane. Synaptic vesicle membrane and proteins need to be recycled to support ongoing transmission. Upon seizure, massive amounts of synaptic vesicles fuse, while neurons become exhausted and need to recover. We used optical stimulation of neurons in live Caenorhabditis elegans nematodes to induce extreme neuronal activity and followed processes underlying the recovery progression at behavioral, genetic, physiological, and ultrastructural levels in an intact animal.
severed from the PM despite the absence of dynamin (25) . In neuron terminals of Drosophila in which clathrin function was acutely inhibited, SV recycling was impaired, whereas bulk endocytosis was still observed (22) , and inhibition of dynamin uncovered different modes of SV recycling (32) . Furthermore, when dynamin dephosphorylation was stalled, clathrin-mediated SV endocytosis was functional, but bulk endocytosis was affected (23) . Thus, during moderate activity, SV recycling may occur by clathrin-mediated endocytosis (CME), to allow SV proteins to be retrieved and release sites to be "cleared" from integral membrane proteins. Upon prolonged or high-frequency activation, bulk endocytosis may follow in a clathrin-independent and, depending on synapse type, dynamin-dependent or -independent fashion, whereas resolution of the invaginated membrane structures may again be clathrin-dependent. However, in retinal bipolar cells, clathrin was required for a slow (τ ≈ 10-20 s) but not a fast (τ ≈ 1-2 s) phase of endocytosis (33) , the latter of which was shown to depend on endophilin (34) . In Caenorhabditis elegans, clathrin inactivation, surprisingly, had no effect on normal chemical transmission, and yet SV size was altered (35) . Thus, it is unclear whether CME is required for SV endocytosis in C. elegans or is needed at a later step (e.g., following a different endocytic pathway) to shape new SVs. Bulk endocytosis can rapidly remove membrane material from the PM after excessive fusion of many SVs in vitro and was observed in experimental paradigms involving long-term electrical or chemical stimulation and pharmacological treatment (36) (37) (38) (39) (40) (41) (42) , and yet it has not been studied in an intact animal.
How the diverse endocytic events differentially contribute to the dynamic refilling of different SV pools is only partially understood. Because virtually all processes at active zones (AZs) occur at scales below the diffraction limit of light microscopy, it is difficult to study their dynamic behavior during and after stimulation. Therefore, electron microscopy (EM) has been the method of choice to analyze SV pools and AZ morphology at high resolution. Although previous work could visualize triggered SV exocytosis and endocytosis, these dynamic processes are difficult to analyze at high temporal resolution using classical EM (36) (37) (38) (39) . The dependence on slow chemical-fixation techniques precluded the capture of precise time points during dynamic events and limited the preservation of synaptic structures. Both problems may be overcome using cryofixation by highpressure freeze (HPF)-EM (43, 44) . The requirement of endophilin, synaptojanin, clathrin, and other proteins for SV endocytosis has been studied to some extent in C. elegans, also by EM (27, 28, 35, 43, (45) (46) (47) . However, this was not done in a temporally resolved fashion relative to a stimulus (i.e., only steady-state "snapshots" were analyzed), and also HPF-EM has not yet been used in this context. How C. elegans synapses regulate endocytosis during and following periods of extreme activity, possibly by different modes of endocytosis, and which proteins are required for this, is unknown.
Using a combination of channelrhodopsin-2 (ChR2)-mediated photostimulation of neurons and electrophysiological analysis in dissected animals (48, 49) , as well as photostimulation followed by HPF-EM in intact animals, we monitored dynamic processes at AZs in three dimensions at EM resolution, and in a timedependent manner. We studied the kinetics of docked SV depletion and recovery, as well as the generation and decomposition of bulk-endocytosed vesicles, during and following prolonged photostimulation. Whereas behavioral recovery required 60 s, synapses became fully competent to release transmitter only after ∼20 s, in line with morphological recovery of most docked SVs, whereas spontaneous release occurred at normal rates right after the stimulus. In addition, we found formation and disintegration of large (50-200 nm) bulk-endocytosed vesicles, within 11 and 8 s, respectively, the disassembly of which was largely delayed in animals expressing mutant endophilin, synaptojanin, and dynamin proteins.
Results

Hyperstimulated Synapses Require Approximately Twenty Seconds to
Regain Full Release Capability. To hyperstimulate synapses in a live and intact animal, we used ChR2 photoactivation in cholinergic neurons of C. elegans [transgene zxIs6, bearing ChR2(H134R) (48) , cultivated with all-trans retinal (ATR)]. When freely moving animals were continuously illuminated with nonpulsed 473-nm laser light for 30 s, they immediately showed muscle contraction (Fig. S1A) , which persisted for the duration of the stimulus, without any sign of fatigue, and locomotion slowed down significantly (Fig. 1A) . However, animals regained normal velocity only 60 s following the stimulus (with a time constant of τ ≈ 20 s; Fig. 1A ), indicating that synapses (and likely also muscles) were temporarily exhausted by the prolonged stimulation. Animals cultivated without ATR showed no contraction and rather accelerated to avoid the blue light (50, 51) . To investigate the physiological basis of the behavioral fatigue, we recorded (photo-)evoked postsynaptic currents (ePSCs) in muscle cells, before, during and after continuous 30-s hyperstimulation of cholinergic neurons (Fig. 1B) . Miniature (m) PSCs represent neurotransmitter release at the neuromuscular junction (NMJ) by spontaneous fusions of few SVs (∼29 ± 10 events per second in nonstimulated animals; n = 6; Fig. 1C ). This rate was highly up-regulated during a 30-s photostimulus (Fig. 1C) : upon stimulus onset, the ePSC rate was immeasurably high because of numerous simultaneous SV fusion events, typically resulting in peak currents of 1,200-1,600 pA (1,309 ± 85 pA; for group data, see Fig. 1D , Inset). Then, after the first second of the 30-s stimulus, the rate dropped from an increased level of ∼247% (71.7 ± 13.9 events per second), within 30 s (τ = 10.11 s) to approach a baseline plateau. After the hyperstimulation ended, mPSC frequency slightly dropped to roughly initial values of spontaneous fusion (26 ± 11 events per second; Fig. 1C ). Thus, photodepolarization is a strong trigger for SV fusion, and during the stimulus, readily releasable SVs fuse with the PM. Because SV release does not seize, mobilization of SVs from a "reserve" pool and/or SV recycling likely contributes to these observations, and synapses are not fully depleted from SVs during 30-s stimulation.
However, the marked reduction of fusion events during stimulation (following the initial strong increase) indicates synaptic depression. We, thus, investigated whether and when the neurons regain normal evoked release capability: we measured regeneration of photo-ePSCs after 30-s illumination, by applying test stimuli after various periods [interstimulus intervals (ISIs); 6, 10, 20, 30, and 60 s; Fig. 1 D-F] . Initial photo-ePSCs evoked by the test stimuli were considerably reduced, compared with the peak current evoked by the prestimulus. However, after 20 s, currents reached a plateau, with no further increase for longer ISIs (Fig. 1D, upper traces) . Because ChR2 exhibits partial inactivation (48, 52) , accounting for the incomplete return of photo-ePSC to initial values, we normalized the ePSCs measured after neuronal stimulation to ChR2 photocurrents measured directly in muscles expressing ChR2 (Fig. 1D , lower traces; see Fig. 1 E and F for normalized and ChR2-inactivation-corrected data). Cholinergic neurons showed full recovery of synaptic release capability only ∼20 s after the end of the hyperstimulation, with a time constant (monophasic) of τ = 11.94 s. Fit parameters are summarized in Table S1 .
HPF-EM of Hyperstimulated Synapses Shows Docked SV Depletion,
Recovering Within Eight to Twenty Seconds. To study potential structural changes induced by synaptic hyperstimulation, we combined ChR2-mediated photostimulation with high-resolution synaptic profiling by HPF-EM. zxIs6 animals grown in the pres-ence of ATR were transferred to HPF aluminum platelets filled with bacteria and continuously photostimulated for 30 s using a nonpulsed laser beam. This stimulus duration was chosen because, by that time, the release rate had returned to baseline levels. Following the end of the light pulse, platelets were transferred after different recovery periods (6, 8, 10, 15, 20 , and 60 s) into the HPF freezing chamber and rapidly cryoimmobilized ( Fig. 2 A and B) . After processing the samples by freeze substitution and plastic embedding, synaptic ultrastructure was analyzed in thin sections (50 nm) by transmission EM. AZ crosssections of cholinergic motoneuron nerve terminals, including the AZ dense projection (DP) (Fig. 2C) , were analyzed for SV distribution. Docked SVs and SVs tethered to DPs were counted and grouped into five categories, based on topological criteria ( Fig. 2 C and D): SVs tethered to the DP but not in contact with the PM (category I); SVs in contact with the DP and the PM within 40 nm of the DP (category II); and SVs in contact with the PM but 40-70, 70-100, or 100-130 nm from the DP, respectively (categories III, IV, and V, respectively). Docked/DP-tethered SVs distributed with a maximum in categories I (DP-tethered) and II (up to 40 nm from the DP), then leveled off to about 40% of category II at 40-130 nm from the DP (Fig. 2D and Fig. S2A ). Thus, the majority of docked SVs appears to be in close proximity to the DP, but we note that, occasionally, docked SVs can also be seen at sites further away. Importantly, after photostimulation, SVs of all categories were depleted, even following 6-s recovery, compared with controls raised without ATR ( Fig. 2 D and E and Fig. S2A ). This was in agreement with the observation that full functional synaptic recovery was not achieved at this time ( Fig. 1 D-F) . After 8-s recovery, membrane-docked SVs in categories II through IV were no longer significantly reduced compared with unstimulated synapses (Fig. 2D) , whereas the SVs tethered to the DP (category I) still were. After 20-s recovery, all DP-tethered SVs were fully replenished. Our findings may indicate that SVs refilling the docked pool are first tethered to the DP and then guided to the PM, docked, and then diffuse away distally. If this occurs quickly, category I may appear depleted in EM snapshots until enough SVs repopulate the docked categories and ultimately also category I becomes visibly refilled.
Because upon depolarization not only docked SVs in contact to the DP (category II) may fuse with the PM, but also at sites further away (47, 53) , we reanalyzed the data by pooling all docked and/or tethered SVs (categories I through V; Fig. 2E ). This way, the time dependent recovery of docked and DP-tethered SVs became clearer, being significantly depleted until 20-s recovery, when counted as a single category. Although we cannot firmly derive conclusions about the time points before 6 s, the (E and F) Synapses regained full release capability after about 20 s, whereas ChR2 showed maximal currents already after 6 s. Currents were first normalized to the peak (E), and then muscle currents postsynaptically evoked by (ChR2 in) cholinergic neurons were corrected for the observed recovery of photocurrents of ChR2 directly expressed in muscle (F). A one-phasic fit of the data shows a time constant for ePSC recovery of 11.94 s (dashed black line in F). In A-C, illumination is indicated by blue shading. Displayed are means ± SEM throughout the figure, except in B and D.
time constant for morphological recovery derived from our limited data was τ = 9.18 s (Fig. S2B ) and, thus, coincided well with ePSC recovery (τ = 11.94 s; Fig. 1 D-F) . Because our physiological data depend on functionality of the postsynaptic nicotinic acetylcholine receptors (nAChRs), we analyzed how quickly these recover from desensitization: we photostimulated synapses for 30 s and then pipette-applied cholinergic agonists, acetylcholine (ACh) and levamisole, the latter specific for one type of nAChR at the C. elegans NMJ (54), after 3 and 20 s (Fig.  2F) . nAChRs showed normal agonist-evoked currents already 3 s after the photostimulus ended.
Large Intracellular Vesicular Structures Form During Synaptic
Hyperstimulation. In addition to SV depletion, we observed the formation of large intracellular vesicular structures in response to the 30-s photostimulus (following 6-s recovery). These vesicular structures (Fig. 3A) were never observed in nonstimulated synapses (Fig. 3B) , nor in laser-illuminated synapses of zxIs6 animals raised without ATR (Fig. 3C) . For better characterization of these formations, we reconstructed synaptic profiles of cholinergic motoneuron en passant synapses at the NMJ from serial thin sections ( Fig. 3 A and B) . Wild-type SVs and densecore vesicles (DCVs) had mean sizes of 29.1 ± 0.2 and 47.6 ± 1.3 nm, respectively ( Fig. 3D and Fig. S3 A and B) ; these sizes were unaltered after hyperstimulation (Fig. S3 A and B) . In wild-type animals, the large vesicular structures induced by hyperstimulation ranged in size from ∼50 to ∼186 nm in diameter (mean diameter: 106.3 ± 5.1 nm; n = 41; Fig. 3D ). These vesicles, henceforth termed "100nm vesicles," sometimes filled out the presynaptic terminal (Fig. 3A) and were not obviously associated with particular structures, (e.g., the DP, in the nerve terminal), nor did they carry visible clathrin coats. SVs in the cytosolic region of the terminal appeared partially depleted and/or pushed aside by the 100nm vesicles. The morphology of cholinergic neuron-neuron synapses was similarly altered (Fig. S3C) ; 100nm vesicles have a bilayer membrane and an extremely clear core. Based on their regular shape, large diameter, and clear core, the 100nm vesicles induced by hyperstimulation can be clearly distinguished from synaptic endosomes (as occasionally observed in presynaptic nerve terminals, with irregular shape, denser core, and sizes of 47.4 ± 9.7 nm; n = 5; Figs. 2C and 3 D and E) and SVs. They also do not resemble smooth endoplasmic reticulum (ER), which is sometimes observed to traverse synapses as a tubular structure of irregular contour (43) , unlike the 100nm vesicles, which, in most cases, appear almost perfectly spherical. Tubular ER and spherical endosomes are best distinguished when looking at several serial sections. We sometimes found 100nm vesicles side by side with an endosome/ER, further indicating that the two structures are not identical (Fig. S3D) . Although we suggest that the 100nm vesicles result from bulk endocytosis, they may also represent nascent endosomes, resulting from fusion of several smaller endocytosed vesicles, which acquire electron-dense material in their lumen only at later times. (Fig. 4A ). After 7 s of stimulation, we could not observe the 100nm vesicles; however, they were clearly detectable after 11 s of stimulation (Fig. 4 A and B) . To analyze the development and size of these structures, how long they persist, and whether they can be resolved, we again used the "fast" ChR2 (H134R). Most often, several 100nm vesicles were visible in 64% of the analyzed profiles after 6-s recovery (Fig. 4C) . However, we found them in only 24% of the synapses after 8-s recovery and only in 10-12% of the synapses at later time points. Initially the vesicular structures were rather large (up to ∼186 nm), and then their size and abundance markedly decreased at later time points (Fig. 4D) . Thus, we could follow not only dynamic alterations in AZ SV pools over time (Fig. 2) but also reveal the transient nature of the 100nm vesicular structures that are dynamically induced during high activity in C. elegans.
The 100nm Vesicles Form
The 100nm Vesicles Do Not Represent Compound Vesicles. Recently, the existence of compound vesicles was demonstrated in stimulated vertebrate calyx synapses (57) . Compound vesicles are formed by fusion of mature, transmitter-filled SVs inside the nerve terminal, before they fuse with the AZ PM. We, thus, asked whether activity-induced 100nm vesicles may represent compound vesicles. If this were the case, and provided they have normal release probability, their fusion with the PM should be accompanied by ePSCs of significantly larger amplitude, due to large transmitter content (i.e., representing multiple "normal" SVs). A vesicle of 100 nm diameter has a volume ∼70 times larger than a 30 nm SV (inner diameter, 92 and 22 nm, respectively) and should, thus, contain manifold more ACh. We, thus, analyzed the amplitude of ePSCs before, during, and after the 30-s photostimulus (Fig. 4 E and F and Fig. S4 ). Whereas the frequency of ePSCs transiently increased two-to threefold during stimulation (Fig. 1C) , the mean amplitude did not differ (Fig.  4E) . Because averaging may obscure rare large-amplitude SV fusion events, we also analyzed the total number of events of different amplitude sizes throughout consecutive 5-s periods before, during, and after the stimulus (Fig. 4F and Fig. S4 ). The amplitudes of most events ranged between 15-30 pA. Although the number of events of all sizes increased during the first 15 s, no appreciable increase of unusually large events could be detected during or after the photostimulus; statistical analysis of normalized histograms also showed no difference between ePSC amplitudes for the nonstimulated, stimulated, and recovering state (Fig. S4) . Hence, and based on their size and nonidentity to endosomes/smooth ER, 100nm vesicles most likely represent formations originating from induced bulk endocytosis. Although it is possible that 100nm vesicles resolve by fusion with the PM, they cannot contain large amounts of ACh.
Mutant Endophilin, Synaptojanin, and Dynamin Affect Efficient SV Recycling. To better understand the origin and nature of the observed 100nm vesicles, and to define determinants necessary for their recovery, we analyzed mutants of proteins required for, or affecting the efficiency of, membrane endocytosis and SV recycling. These included endophilin (encoded by unc-57 in C. elegans), synaptojanin (unc-26), and dynamin (dyn-1). As we previously demonstrated, muscle contractions induced by a 30-s photostimulus are sustained in wild-type animals, whereas they slowly decline in unc-26(s1710) and snt-1(md290) mutants (48) . Repeated (photo-)stimulation of unc-26(s1710) but not wild-type animals was accompanied previously (28, 48) by progressive decline in ePSC amplitude, indicating that SVs were depleted and could not be reformed efficiently. In behavioral experiments, we found that also unc-57(e406) mutants show a decline in the lightevoked contractions, when cholinergic neurons are photostimulated (Fig. S1A) . For dynamin mutants, we used the temperature-sensitive dyn-1(ky51) allele (Fig. S1 B and C) . At 15°C, dyn-1(ky51) animals are rather unaffected and show no obvious locomotion phenotype; however, these animals exhibit strong behavioral phenotypes at nonpermissive temperature (25°C), leading to paralysis (58) . In behavioral experiments, dyn-1(ky51); zxIs6 animals exhibited no significant difference in contraction compared with wild type at the permissive temperature (15°C), apart from the time point at stimulus initiation. This could indicate that there are slightly reduced numbers of docked SVs in nonstimulated dyn-1(ky51) synapses. However, dyn-1 synapses can sustain activity at the nonpermissive temperature because, unlike in unc-26 or unc-57 mutants, no decay of the contraction was observed during progression of the stimulus. At the nonpermissive temperature (25°C), dyn-1 animals exhibited significantly smaller contractions than wild type throughout the stimulus. In animals in which the DYN-1 protein was depleted by RNAi, contraction was reduced but showed no progressive decay, even during 70-s photostimulation (Fig. S1D) . Thus, in dyn-1(ky51) mutants at nonpermissive temperature, or when DYN-1 protein expression is reduced, synapses cannot efficiently recycle SVs; however, they sustain a basal level of release; thus, the phenotype may be less pronounced than in endophilin and synaptojanin mutants.
Mutant Endophilin, Synaptojanin, and Dynamin Delay Decomposition of 100nm Vesicles. To explore the observed deficits in behavioral experiments, we analyzed endophilin unc-57(e406); zxIs6, synaptojanin unc-26(s1710); zxIs6 and dynamin dyn-1(ky51); zxIs6 animals by HPF-EM, either untreated, or following a 30-s photostimulus at nonpermissive temperature (dyn-1). All mutants exhibited large 100nm vesicles (Fig. 5 A-C) , which were, to some extent, found even without stimulation in endophilin mutants (in 36% of synapses) or in illuminated synaptojanin mutants raised without ATR, thus lacking functional ChR2 (in 46% of synapses). Particularly synaptojanin mutants exhibited extremely large vesicular structures, up to 330 nm, which were located right "above" the AZ DP and sometimes tethered to it (Fig. 5 B and D) . These aberrant structures in unstimulated mutants may result from normal neuronal activity during locomotion of the animals; they were not visibly associated with clathrin coats. Appearance of such vesicles was never found in unstimulated wild-type synapses. In photostimulated dynamin mutant synapses at nonpermissive temperature, numerous 100nm vesicles were observed [on average 11 vesicles per section in dyn-1 (ky51), compared with 4 in the wild type; Fig. 6E ], which, on average, were slightly smaller than those in the other genotypes ( Fig. 5 C and D) .
Next, we followed the time-dependent recovery of 100nm vesicles in the SV-recycling mutants. Animals were photostimulated and then frozen after variable recovery periods (6, 8, 10, and 20 s and 5 min; 6, 12, and 15 s for dyn-1; Fig. 6 A-D) , and synaptic ultrastructure was compared with wild-type zxIs6 animals (Fig. 4C) . First, in contrast to multiple 100nm vesicles (1-5, rarely up to 10; Fig. 6E ) that were induced in the wild type upon hyperstimulation, in most cases, only one such vesicle was found in unc-57 and mostly one or two in unc-26 mutants (Fig. 6E) . Second, these large vesicles were very long-lived and detectable even after 20-s recovery in 50% of the synapses analyzed (Fig. 6 A-D), whereas they disappeared much faster in wild-type synapse (Figs. 4C and 6D and Fig. S5 ). Upon longer recovery (5 min) the vesicles disappeared and were detected only rarely (e.g., in 10% of the analyzed synapses in the wild type), if at all.
Because we did not observe the 100nm vesicles in nonstimulated wild-type synapses, they are not likely to be formed under conditions of normal synaptic activity. However, unc-57 (and unc-26) synapses showed 100nm vesicles also in 36% (46%) of the nonstimulated synapses, whereas they were found in >54% (80 and 66%) of photostimulated synapses after 6 and 8 s of recovery (Fig.  6A) , respectively. Thus, synapses of endophilin and synaptojanin mutants show an ultrastructural phenotype different from wild type not only after hyperstimulation but also before (i.e., during normal activity). In contrast to the wild-type situation, normal activity is, to some extent, sufficient to induce formation of 100nm vesicles in synapses deficient for endophilin and synaptojanin. Our data suggest that these proteins are either directly or indirectly required for decomposition of large vesicular structures resulting from bulk endocytosis induced by hyperstimulation. Possibly, in the absence of endophilin and synaptojanin, bulk endocytosis is promoted even under normal activity, because clathrinmediated processes do not work properly. In dyn-1(ky51) mutants, we observed synaptic profiles that were largely depleted of SVs and the formation of numerous (Fig. 5C ) and long-lasting 100nm vesicles at both 15 and 25°C (Fig. 6 C-E) . However, in the latter condition, the number of 100nm vesicles was even more elevated (Fig. 6E) .
Last, we asked whether there is a spatial correlation between the site of endocytosis and the AZ DP. During high activity, the continued fusion at AZ release sites forces lipids and SV proteins to laterally move away from these sites. Recovery of this material by bulk endocytosis may, thus, occur more distally. In wild-type, unc-26, and unc-57 mutants, we never found membrane intermediates where endocytic structures were continuous with the PM, only 100nm vesicles that appeared to directly contact the PM. The few times we observed such structures, they occurred at ∼130-300 nm from the DP. However, contacts between 100nm vesicles and the PM were much more frequent in dyn-1 mutants, where we even found continuities of endocytic vesicles with the PM, both at permissive and nonpermissive temperatures, and in a wider range of distances to the DP (between <50 and >500 nm from the DP; Fig. 6F ). Endocytic intermediates in dyn-1 mutants sometimes included multiply budded structures ("vesicle trees"), apparently originating from the 100nm vesicles (Fig. 5C ) but not exhibiting visible clathrin coats. However, these findings indicate that dynamin is required both for bulk endocytosis at the PM, as well as for the decomposition of the endocytosed 100nm vesicles.
Discussion
Chemical synapses can work over a wide range of activity levels under physiological conditions, and different mechanisms of endocytosis ensure efficient local SV recycling to allow sustained activity over prolonged periods. Synapses are also able to work under extreme, nonphysiological levels of activity, for example, during a seizure. However, they need to have safeguard mechanisms in place to prevent permanent damage, to allow for recovery after the insult, or to alter their properties in a homeostatic manner. We analyzed mechanisms of synaptic recovery in an intact nervous system, in a time-resolved and, using optogenetic stimulation in vivo, highly controlled manner by physiological and structural approaches. We find that even in C. elegans, an animal that does not normally suffer from seizure-like states, mechanisms are in place to safeguard neuronal physiology and to enable efficient recovery from prolonged periods of extreme activity. This requires endophilin, synaptojanin, and dynamin, proteins that act also during moderate activity to mediate membrane recycling. We determined the temporal sequence of SV depletion and recovery at the AZ and revealed, in C. elegans synapses, the stimulated formation and sequential disintegration of large (∼100nm) vesicular structures, likely bulk-endocytosed membrane, upon hyperstimulation (Fig. S6) .
Animals showed behavioral deficits for up to 60 s following a 30-s hyperstimulation of their cholinergic motoneurons, re- covering with τ = 20 s. Physiological and ultrastructural recovery occurred at faster, but similar, time scales (τ ≈ 10 s), thus preceding behavioral recovery, indicating that muscle fatigue contributes to these observations. Spontaneous transmission remained unaffected by the strong stimulation, indicating that apparently normal amounts of SVs are released even during the recovery period, before full capability for evoked release is regained. These spontaneously released SVs may fuse at more distal sites, not included in our analysis, or elevated cytosolic Ca 2+ , as a consequence of the hyperstimulation, facilitated spontaneous release despite of depleted docked SV pools. To enable normal evoked release, many more SVs likely have to be recruited from a reserve pool, or from endocytic intermediates, which may need to undergo modifications in addition to membrane approximation (7) .
The observed formation and disintegration of 100nm vesicles required ∼11 and ∼8 s, respectively. This time course is faster than what was found in recent work using FM dyes to follow bulk endocytosis in live frog NMJs at light-microscopy resolution (59), and previously by EM (10), likely because of different sizes of synapses and different amounts of exo-and endocytosis occurring in the two systems. Based on our analysis of mPSC amplitudes, we can rule out that the 100nm vesicles represent compound vesicles, which were previously found at calyx synapses in mammals (57); if they were, their release should evoke unusually large ePSCs, which we did not observe. Alternatively, they are fusionincompetent compound vesicles and must be resolved without PM fusion. Vesicular structures of such morphology and extremely clear core were not previously observed in wild-type C. elegans synapses. We suggest that these vesicles do not represent enlarged endosomes for several reasons. (i) Normal sized endosomes [or, possibly, ER (43) ] are still visible next to the large 100nm vesicles in synapses after stimulation (Fig. S3D). (ii) In dynamin mutants, some of the 100nm vesicles were found in continuity with the PM, consistent with the role of this GTPase in membrane severing. (iii) In contrast to endosomes (or ER), 100nm vesicles lack electron-dense material in their lumen. Al- The distance between the DP and presumable endocytic sites was analyzed, wherever membrane contact or continuity (the latter only in dyn-1 mutants) between 100nm vesicle and the PM was observed; genotypes and conditions are indicated.
ternatively, 100nm vesicles are nascent endosomes that result from fusion of multiple small endocytic vesicles or from fusion of bulk-endocytosed membrane with endosomes present in the terminal; however, we think this is unlikely, given that we find 100nm vesicles in continuity with the PM, at least in dyn-1 mutants. Similar large vesicular structures ("cisternae") have been reported by Heuser and coworkers, either after chemical fixation but also using a rapid-freezing protocol after stimulation (36, 37) , and by other researchers. Thus, the activity-induced, clear-core, 100nm vesicles most likely resulted from bulk endocytosis. This would allow the neuron to compensate for the excessive amount of SVs that are collapsing into the PM during hyperstimulation, which causes a spatial constraint in synapses tightly embedded in an intact animals' nerve cord.
The endocytic intermediates are then resolved (likely to form new SVs but possibly also via an endosomal intermediate and/or sorting compartment) by the activity of endophilin, synaptojanin, and dynamin, which function either directly or indirectly during this process, because the resolution of these intermediates is largely delayed in the respective mutants (>20 s); in dyn-1 mutants at nonpermissive temperature, this may be even slower, as previously observed in Drosophila (60). In endophilin and synaptojanin mutants, we often observed only a single or very few abnormally large intracellular vesicular structures. In about half of the observations, these 100nm vesicles were directly next to or above the DP. In dyn-1 mutants, we found a large number of 100nm vesicles and sometimes observed invaginated vesicular structures in continuity with the PM. These putative endocytic sites, as well as 100nm vesicles in direct PM contact, localized close to the DPs, as well as along the synaptic membrane, in distances <50 and up to ∼500 nm from the DP (Fig. 6F) . PM-connected 100nm vesicles may initially localize near the DP, but because of their large number eventually distribute along the PM, and/or detach to be found throughout the volume of the terminal. In dyn-1 mutants, we also found formation of intermediates between bulk endocytosis and budding from bulk-endocytosed membrane (i.e., vesicle trees), demonstrating that the 100nm vesicles are decomposed to form new SVs (or endocytic intermediates) in a dynamin-dependent manner. The latter process may be clathrin-mediated because, in previous work by others (35) , SVs of smaller diameter were observed in clathrin mutants. Interestingly, we sometimes found 100nm vesicles also in nonstimulated animals expressing mutant dynamin, synaptojanin, and endophilin, although in lower abundance. Thus, in these mutants, 100nm vesicles are also induced and detectable during normal synaptic activity, because normal endocytosis and 100nm vesicle decomposition are impaired [similar structures were previously found following chemical fixation EM in synaptojanin and endophilin mutants (27, 28) ]. Our observations on synaptic ultrastructure are summarized in Table S2 .
The phenotypes of synaptojanin and endophilin mutants in 100nm vesicle decomposition and localization may support the following conclusions. (i) Delayed disassembly of the 100nm vesicles points to a role of these proteins in 100nm vesicle degradation that could be similar to their proposed roles in CME, mediating a possibly also clathrin-dependent process. However, clathrin appears not to be required for normal synaptic transmission in C. elegans (35) ; thus, this function may only show up under our conditions of hyperstimulation; 100nm vesicles occurred in 36% and 46% of unstimulated unc-57 and unc-26 synapses, respectively, likely because of spontaneous neuronal activity that could suffice to form these structures in these genetic backgrounds. In agreement with endophilin and synaptojanin requirement for clathrin uncoating of endocytosed SVs (28, 29, 61) , a process thought to occur close to fusion sites, 100nm vesicles predominantly accumulated around the DPs in loss-offunction mutants of these proteins. (ii) Induced only upon high neuronal activity, synaptojanin and endophilin may have allostatic functions in disintegrating intracellular vesicles, in addition to their function at the PM. (iii) Endophilin and synaptojanin may affect resolving the 100nm vesicles indirectly [i.e., by maintaining a specific phosphorylation state of PM lipids (8) ]. Bulkendocytosed (hyper-)phosphorylated lipids may affect the capability of an (unknown) intracellular protein machinery to resolve these vesicles. (iv) The phospholipid phosphatase synaptojanin may alter the molecular properties of invaginated membranes via its enzymatic activity and thus promote a certain membrane curvature. Thus, loss of this function may result in endocytosed vesicles with larger diameter than in wild-type and in other endocytosis mutants (Fig. 5D) . Based on the behavioral phenotypes (i.e., fatigue of contractions), endophilin and synaptojanin mutants behaved similarly and were different from dynamin mutants.
The methodology introduced here will allow future studies of synaptic transmission at functional and ultrastructural levels in detail, by combining genetic tractability in C. elegans with the high manipulability of synaptic transmission using photostimulation, in vivo, and by presenting variable stimulus regimes. The combination of ChR2-mediated stimulation with time-resolved HPF-EM allows not only the assessment of dynamic patterns at EM resolution but also to uncover previously unrecognized structures and mutant phenotypes not detected under steadystate conditions. Combined with other variants of ChR2 [e.g., the fast ChETA (62) or CatCh with increased Ca 2+ permeability (63)], high-frequency stimulation can be achieved that may result in different modes of SV recycling. Our approach may be expanded to synapses other than the NMJ, provided that they can be readily identified by HPF-EM analysis. Here, recent developments in correlative superresolution light and electron microscopy in C. elegans (64) may prove useful. Lastly, this approach can be applied to other genetically tractable model systems, as long as photostimuli can be presented in the live animal (i.e., Drosophila or Danio larvae) or in dissected organotypic preparations (e.g., from rodents). Very recent development of HPF machines now allows photostimulation few milliseconds before freezing, by conducting photostimulation inside the freezing chamber, allowing for study of SV fusion and early (endocytic) events leading to the formation of the 100nm vesicles.
Our work analyzed the spatiotemporal parameters of SV recycling and synaptic recovery of C. elegans motoneurons, following optogenetic hyperstimulation. By morphological and physiological criteria, recovery was surprisingly slow, requiring up to 20 s. Whether this applies also to central synapses in vertebrates in vivo remains to be seen, but previous in vitro work by others (36) (37) (38) (39) suggests this may be the case. Slow recovery could be one of several reason for why patients suffering from seizures generally require prolonged periods [between several minutes and up to hours, depending on the type of seizure (12, 13) ], before normal brain function and consciousness return.
Materials and Methods
Strains. If not otherwise stated, strains were kept at 20°C and cultivated by standard methods, optionally supplemented with ATR (Sigma) as described (48 Light-Activation/High-Pressure Freezing/Freeze Substitution. For HPF of animals, the 100-μm-deep well of a 2-mm aluminum platelet (Microscopy Services) was filled with Escherichia coli OP50. About 20 young adult animals were transferred into the well and processed for HPF. To prevent preactivation of ChR2-expressing neurons, all work was carried out under low-illumination conditions or under red light. For control experiments, animals were directly frozen after platelet transfer. For light-stimulation experiments, animals were illuminated using a 473-nm diode-pumped, solid-state laser (Pusch OptoTech; the 2-mm diameter laser beam has an intensity of 22.6 mW/mm 2 ) equip-ped with a Smart shutter (Sutter Instruments), triggered for the indicated time periods (in seconds) by a computer-controlled unit. For the experimental setup, see Fig. 2A . The laser beam was directed into the sample platelet, covering the well uniformly. For the standard protocol, a continuous 30-s light pulse was used, if not otherwise indicated. For experiments involving dyn-1(ky51) mutants, the worms were cultivated at 15°C and optionally transferred for about 1 min to a prewarmed dish (25°C) just before photoactivation. After indicated photoactivation and recovery periods, the platelet was rapidly closed, transferred into the freezing chamber of a HPM 010 (BalTec) unit, and high pressure-frozen (2,100 bar). The time duration between the end of laser illumination and the triggering of the HPF, resulting in a distinct recovery period following the photostimulation when using ChR2(H134R), was measured, and samples with similar recovery times (±0.2 s) were grouped for data analysis.
Strains, HPF protocol, EM, 3D reconstruction, electrophysiology, behavioral analysis, RNAi, and statistics are described in SI Materials and Methods.
